The maximal, no-load, velocity for the contractile element (Vmax) was estimated in 45 patients. The patients included: 17 with normal left ventricular dynamics; eight with volume overload, compensated; 11 with volume overload, decompensated; three with pressure overload; and six with cardiomyopathy. Contractile element velocity (VcE) during isovolumic contraction was estimated in two ways: (1) from left ventricular pressure data alone, where VCE = (1/28.8p) (dp/dt), and (2) pressure data combined with measurement of left ventricular geometry (right anterior oblique cine). Vmax obtained in these two ways agreed well for most patients (r = 0.82). In the normal patients, Vmux varied from 1.46 to 2.64 muscle lengths per sec; in contrast that of the patients with cardiomyopathy varied between 0.71 and 1.34 muscle lengths per sec.
extensively.2-6 Application of this knowledge to the evaluation of the performance of the intact heart presents many problems. Measurements of ventricular volume during the cardiac cycle, along with simultaneous pressures, are available clinically. The volumetric data are obtained either by cineangiogram7 ' 8 or by integration of flow rate measurements.9 These data are subject to a variety of errors, including uncertainty in angiographic and flow rate determinations as well as limited dynamic response of fluid-filled catheter systems. 10 In addition to these problems, there exists no exact model relating the performance of the intact heart to the behavior of individual muscle fibers. The geometry of the ventricle is complex and difficult to account for accurately. Even for simplified geometry, the dynamic Abbreviations: BSA = body surface area; EDV = end-diastolic volume; ESV = end-systolic volume; EF = ejection fraction; EDP = left ventricular end-diastolic pressure; PSP = left ventricular peak systolic pressure; VCF = velocity of circumferential fiber; VCE = velocity of contractile element; VSE = velocity of series elastic; o+ = longitudinal stress; aee = equatorial stress; (-ee)F = fiber-corrected stress; ASD = atrial septal defect; MS = mitral stenosis; MR = mitral regurgitation; AlR = aortic regurgitation; AS = aortic stenosis; IHSS = idiopathic hypertrophic subaortic stenosis; TR = tricuspid regurgitation. behavior of the heart is not well understood. The approach to date has been to adopt a simplified model, concentrating on a hypothetical muscle fiber in the middle of the ventricular wall, and to assume that muscle force8 11 and velocity12 13 are the same for all fibers.
Despite the difficulties enumerated, previous estimates of contractility have been useful in assessment of myocardial performance. The ejection fraction is a gross measurement of the total amount of contraction in the muscle fibers.14 In an effort to obtain a more sensitive index of myocardial performance, attempts have been made to reconstruct at least portions of the force-velocity curve of an individual muscle fiber based on clinical data. The force-velocity characteristics of isolated muscle fibers are dependent on the preload and afterload as well as on the inotropic state of the muscle.'13 15 These factors are not possible to control clinically since they depend on the interaction between the heart and the systemic circulation. For example, mitral regurgitation may affect the time rate of pressure rise. 12 Until the mechanics of the system are better understood, it is difficult to select a single index of contractility a priori. Previously used indices of contractility include: (a) contractile element velocity (VCE) at peak stress,8' 13 (b) peak VWE,16 (C) VCE at zero stress (Vmax) ,412 17,18 (d) peak circumferential fiber velocity (VCF ), 8, 13 and (e) maximum dp/dt. 5 The purpose of the present study is to assess these previously published indices of contractility in a group of 45 patients, including those with normal hemodynamic performance as well as those with various forms of heart disease. Force-velocity data were obtained from left ventricular catheterization and oneplane cineangiography. Correlation of these results with clinical history and diagnosis has shown that indices of contractility based on pressure data alone provide a sensitive indicator of myocardial performance. Cardiac catheterization and angiography were carried out under mild sedation (sodium pentobarbital, meperidine, and promethazine hydrochloride) and local anesthesia, with patients in the fasting state. Cineangiograms in the right anterior oblique projection were made at 60 frames/sec as 25 to 50 ml of 76% meglumine diatrizoate (Renografin-76) were injected into the left atrium through a transseptal catheter. Left ventricular pressure was recorded simultaneously with the cineangiographic frame signal by a catheter in the left ventricle (except in the two patients with aortic stenosis in whom sequential pressures were fitted in relation to the volumes). All pressures were referred to zero level, 10 cm above the table-top.
Methods and Materials
Pressures were recorded by means of a fluidfilled catheter system consisting of a KIFA catheter, 1 signal.10 However, a recent study similar to the present one'8 utilized an almost identical catheter system with good results. Since no quantitative estimates of the error in Vmax introduced by catheter response were available, the error was estimated in the following way. The observed left ventricular pressure was expressed as a Fourier series including 20 harmonics.10 Typically the amplitude of the fourth harmonic was 10% of the fundamental, and the amplitude of the tenth harmonic was 1%. The addition of 10 more harmonics to the Fourier analysis did not change the results. The observed pressure was corrected for various values of catheter natural frequency and damping ratio. The corrected pressure was used to calculate Vmax (based on pressure data alone). This was compared with the value obtained from the original wave form. The calculation was done for six patients representing all of the groups in ths study.' Figure 1 summarizes the results of the error estimate. The per cent difference between the corrected and uncorrected values of Vmax is plotted as a function of the natural frequency for two values of damping ratio, B. This error is caused by distortion only; phase shift does not affect the calculation since Vmax is obtained from a plot of pldt versus p. Increased damping Kp reduces the error for any given natural frequency. Except for very low natural frequencies, less than 10 Hz, the fluid-filled catheter system overestimates the rate of pressure rise and, hence, Vmax.
At the time these measurements were made, this laboratory was not equipped to measure the frequency response of the catheter system nor were any catheter-tip transducers available for comparison. Thus, it was not possible to correct the measurements for instrument response. In any case a precise correction would be difficult. In addition to the length and diameter of the catheter and the stiffness of the transducer, the frequency response depends on fluid temperature, dissolved gases, connected tubing, and the elasticity of the catheter wall. Thus, the frequency response will vary with the particular catheter used and no doubt also varies with time during the cardiac catheterization.
In the present study, the catheter was well flushed and was connected directly to the pressure transducer. The pressure traces did not exhibit the oscillations observed in very lightly damped catheter systems. The transducer manufacturer estimates a natural frequency of 70 Hz and a damping ratio of 0.3 for the catheter and transducer used in the present study.* These values are probably better than those obtained in actual application. It is estimated that the catheter system used here had a natural frequency above 20 Hz, with damping ratios greater than 0.2. This would correspond to an expected error of less than 15% in the reported values of Vmax.
The fact that values of V,,ax obtained in this study as well as those obtained by other investigators18 using fluid-filled catheters are successful in distinguishing normal patients from those in congestive failure suggests that the errors introduced by the catheter system are not excessive. While it would be desirable to eliminate this measuring error by the use of catheter-tip transducers, the results indicate that reasonably accurate estimates of Vmax can be obtained with fluid-filled catheter systems routinely used in clinical measurements.
The error in maximum dp/dt was also estimated by the Fourier analysis with similar results. The catheter system overestimates maximum dp/dt; for a natural frequency of 20 Hz and a damping ratio of 0.2, the estimated error is approximately 10%.
Catheter pressure measurements are subject to another source of error. Motion of the catheter in the ventricle accelerates the fluid, giving rise to spurious pressure variations or "motion artifact." This error cannot be calculated unless the exact motion of the catheter is known. Patients in this study were at rest, and the cineangiograms did not indicate excessive catheter motion. It is not expected that this error would be significant. 
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Figure 2
Computer plot of the long axis (L), short axis (M), and wall thickness (W) throughout the cardiac cycle. A fifth order polynomial curve is fitted through the data, and the values from the curve fit used to calculate ventricular geometry.
Left ventricular geometry was determined by a one-plane cineangiographic method reported earlier.7' 19 Measurements were made throughout the cardiac cycle (60 times per sec) in all patients.
The difficulty in determining geometric measurements from the angiograms leads to scatter in the data, as shown in figure 2. In the calculation of velocities discussed below, it is necessary to differentiate the geometric data. The scatter made it very difficult to obtain accurate derivatives. Consequently, smooth curves were fitted through the data points by the use of the method of least squares. It was found that a fifth order polynomial could be fitted to the geometric data over a complete cardiac cycle in most patients cineangiogram. Cineangiographic methods are known to overestimate ventricular volume, particularly during systole. The volumes calculated from the cineangiograms are corrected for this overestimation by use of the results of a previously reported study19 from this laboratory. The corrected volume (V) is given by V = 0.848 V'-10.24 ml (2) where V' is the calculated angiographic volume.
Calculation of Stresses
Stresses were calculated at the equator of the ventricle by a model previously described, which assumes uniform stresses across the wall.'3 The calculated stresses have been shown to agree well with average values obtained from more detailed elastic models.20' 21 The circumferential stress 
where P is the ventricular pressure and W is the wall thickness.
As discussed previously,'3 the force-velocity characteristics of the cardiac muscle should properly be described in terms of the force per muscle fiber. The cross-sectional area of the wall varies during the cardiac cycle, so that the simple stress (force per unit area) is not directly related to the fiber force. The fiber force cannot be determined since the number of muscle fibers in the wall is unknown. A quantity proportional to fiber force can be obtained by multiplying the calculated stress by the ratio of the cross-sectional area to some reference area, taken here at enddiastole. The resulting fiber-corrected stress in the circumferential direction is given by instantaneous wall cross-sectional area (C F =(eree) end-diastolic wall cross-sectional area
without losing any significant detail in the data. A typical curve fit is shown in figure 2 .
The volume of the left ventricle, which is assumed to be an ellipsoid of revolution (prolate spheroid), is given by
where L is the major axis, M is the minor axis, and f is the magnification factor for the where WD and MD are the wall thickness and minor axis lengths at end-diastole. The stress was calculated for each of the cineangiographic frames.
Calculation of Velocities
The velocity of shortening was calculated for the midwall circumferential muscle fiber at the equator of the ventricle. The length of this fiber (1) is given by -.
I=7v (M+ W) (6) The fiber length was calculated as a polynomial function of time from the fitted curve described above. Differentiation gave the circumferential fiber velocity (VcF), which was normalized by dividing by the initial fiber length.
Circumferential fiber velocity is the sum of contractile element velocity (VCE) and series elastic velocity (VSE). VSE was obtained from Extensive measurements in cat papillary mus-cle5' 22 have resulted in a normalized value of K = 28.8. This value, which was relatively constant for the muscles studied, has been used in the present study to give a meaningful comparison with results of other investigators.8' 18 There is no reason to expect that this value is correct for human hearts at 370. Further, it is possible that K may vary among individuals.23 It is probable that some of the observed scatter among velocity data for normal patients may be due to variations in series elasticity. VCE was calculated as the difference between VCF and VSE. The maximum, no-load contractile element velocity (Vmax) was estimated by extrapolating the curve of VCE versus fiber force, (-oo9) F, to zero load. The original Hill model predicts a hyperbolic stressvelocity relationship for isometric contraction. Experiments on isolated cardiac muscle are not in agreement as to the shape of this curve.24 Data obtained from the present measurements suggest a relatively linear relationship. A linear regression was carried out for data points between the maximum VCE and aortic valve opening. This typically included four to eight data points. Fitting any higher order curve to this small number of points introduces greater uncertainty in the extrapolated value. These data suggest that, if hyperbolic, the force-velocity curve is very flat in the range of force covered by isovolumic contraction.
Vmaxwas also calculated by the use of piessure data alone. During isovolumic contraction, the geometry of the ventricle remains essentially unchanged and VCF = 0, VCE = VSE. The fiber-corrected stress, (O0o9)F, varies linearly with pressure, and VSE can be determined from pressure data alone.9 Thus, equation 7 may be rewritten VCE -VSE -1 d(c000)F 28.8 (O6O) F dt The stress and pressure derivatives required for the calculation of VSE were obtained by fitting a straight line through three points on the stress and pressure curves by a least squares technique. 
Figure 3
Time history of cavity pressure, equatorial stress, and fiber-corrected stress in one patient. Note that peak stress occurs between opening of the aortic valve and peak cavity pressure.
The pressure data and calculated stresses were sufficiently smooth so that no fitting of these curves was required. Results Table 1 lists the diagnosis, age, sex, and angiographic volumes of all 45 patients. The maximal velocity of contractile element (Vmax) has been tabulated for each method: angiographic measurement of ventricular geometry (designated Vmax obtained from VCE) and measurement of left ventricular pressure alone (designated Vmax obtained from VSE). Four other indices of contractile state are also listed: peak dp/dt, peak VCF, peak VSE, and VCE at peak fiber-corrected stress. In this figure, fiber-corrected stress is the same as equatorial stress for the first 150 msec. Peak equatorial stress may occur at a different time from peak fiber-corrected stress, and is usually slightly lower than peak fiber-corrected stress. Figure 4 demonstrates the characteristic force-velocity relationship obtained through 1 dp 28.8p dt (8) the cardiac cycle in one patient. In the left panel, the velocity of contractile element is plotted versus fiber-corrected stress. With the onset of isovolumic contraction VCE rises to a peak and falls rapidly to the point of peak stress, which occurs between the opening of the aortic valve and peak systolic pressure. There is a small counter-clockwise loop at this point, followed by diastole and a negative velocity (lengthening) of contractile element. The velocity curve is linearly extrapolated back to zero stress to give the maximal velocity of the contractile element. The middle panel of figure 4 demonstrates the characteristic force-velocity relationship obtained for the series elastic component throughout the cardiac cycle. Note the similarity of the curves and the extrapolated value of Vmax (2.2 versus 2.1 lengths per sec). The right panel illustrates the characteristic forcevelocity relationship obtained in the same patient for the series elastic component during isovolumic contraction from pressure data alone. Again, a straight line is extrapolated to the point of zero stress to give the maximum velocity. This value of Vmax compares well with the value obtained from the plot of the contractile element velocity versus fiber-corrected stress. Figure 5 is a comparison of Vmax calculated in these two ways: Vmax calculated from the series elastic velocity obtained from pressure data alone is plotted on the vertical scale, and Vmax calculated from contractile element velocity, using ventricular geometry and stress, is plotted on the horizontal axis. The data are from the 45 patients listed in table 1. Good agreement was obtained, with a correlation coefficient of 0.82. The scatter in the data is due to changing ventricular geometry during isovolumic contraction. This figure also illustrates that the normal patients in this study had a Vmax which ranged above 1.46 1.E CR c 0 CL W myopathy were well below the lower range of normal and varied between 0.71 and 1.34 lengths per sec.
In any patient study it is difficult to quantitate the spectrum of clinical symptoms. Table 1 indicates only whether a patient was in congestive heart failure by history and physical examination. There are, however, several patients who should be mentioned briefly. The open square depicts patient 7. This was a 31-year-old, negro female. She had nonspecific symptoms of chest pain and a right bundle-branch block on electrocardiogram. Her cardiac examination and chest Xray were within normal limits. All hemodynamic data obtained at cardiac catheterization were normal. The only abnormal finding was a maximal contractile element velocity of 1.07 lengths per sec. Approximately 3 months after cardiac catheterization she returned to the hospital with chest pain and ventricular tachycardia. She had a cardiac arrest, but was successfully resuscitated. During the next year she had two episodes of pulmonary edema requiring hospitalization. She is currently maintained on digitalis and an oral diuretic. Her current diagnosis is idiopathic cardiomyopathy. Figure 6 Relationship between ejection fraction and Vmax in 45 patients. There is a scatter of data with a low correlation coefficient.
Circulation, Volume XLIII, April 1971 One other patient (patient 29) had a Vmax of 2.02 lengths per sec, which was in the normal range. The patient was in obvious congestive heart failure by history and physical examination. Cardiac catheterization revealed a normal end-diastolic pressure, a normal ejection fraction with an abnormally elevated end-diastolic volume and angiographically severe regurgitation. This patient had mitral regurgitation of short duration secondary to bacterial endocarditis. It is interesting to speculate that her normal enddiastolic pressure, ejection fraction, and Vmax in association with congestive heart failure may be related to her volume load of relatively short duration.
The patient with the highest Vmax (patient 20) was a 27-year-old white female with both mitral regurgitation and aortic regurgitation secondary to rheumatic heart disease. She had no evidence of congestive failure by history or physical examination and required no digitalis or diuretics. The end-diastolic pressure and ejection fraction were normal. In contrast to the previous patient, this patient's heart shows a different response to the same volume load. This response may be mediated by the type of lesion (rheumatic versus bacterial endocarditis) as well as by the duration of the volume load (acute versus chronic).
Relationship Between V max and Other Hemodynamic Parameters
The relationship between ejection fraction and Vmax is shown in figure 6 . Both the ejection fraction and Vmax data exhibit considerable scatter. Patients in congestive failure (solid squares and solid triangles) show consistently lower values for Vmax than the other groups of patients. In contrast, while myopathy patients had abnormally low ejection fractions, other patients in congestive failure showed ejection fractions in the normal range. These data suggest that Vmax is a more sensitive and consistent indicator of myocardial performance.
The peak series elastic velocity is compared with V.,, in figure 7 . The two parameters correlate reasonably well (r = 0.68). However, there is considerable overlap in the peak There is a direct relationship, with a correlation coefficient of 0.68. VSE between normal patients and those in congestive failure. Peak VCE data showed similar behavior. The contractile element velocity at peak stress, where the series elastic velocity is zero, is independent of series elasticity. These values are given in table 1. While patients with myopathy show lower values than those of the other groups, there is little correlation (r = 0.18) with Vmax and very poor separation of the groups in congestive failure. The patient with the highest value of VCE at peak stress (patient 38) had aortic stenosis. Several patients with normal hemodynamics exhibit values overlapping those in the myopathy group.
The peak circumferential fiber velocity (VCF) is compared to Vmax in figure 8 . While VCF shows the same trend as Vmax, there is a poor correlation (r = 0.22), and the latter parameter provides better separation of patients in congestive failure.
The rate of pressure rise (peak dp/dt), which is related to the contractile element velocity, correlates poorly with Vmax and is not useful in separating patients in congestive failure. End-diastolic pressure, which is given in table 1, also provides poor separation among the groups of patients.
Discussion
Evaluation of the contractility of the intact heart is complicated by difficulties in obtain-ing accurate pressure and volume data and the lack of an accurate model relating observed pressure-volume behavior to the contraction of individual muscle fibers. In spite of these difficulties, considerable suc-cess8 9, 13, 15,16,18 has been achieved in predicting contractility on the basis of a variety of simple parameters. The present study was carried out to evaluate the relative utility of these hemodynamic indicators.
Geometric data for volume determinations were obtained angiographically by a oneplane cine technique. It is known that such determinations consistently overestimate ventricular volume. The parameters that have been used depend only on relative changes in muscle fiber length and, hence, require accurate determination only of relative volumes during the cardiac cycle. Contractility is assessed during the isovolumic contraction period, thus avoiding the use of volume data near end-systole when large artifacts are likely to appear.
During isovolumic contraction the ventricular geometry remains essentially unchanged, and it is, therefore, possible to estimate contractile element velocity from pressure data alone.8"5 18 Such an indicator is extremely useful in that it permits an assessment of contractility without the use of angiographic techniques. The present results indicate good agreement between Vmax obtained from pres- Changes in ventricular geometry will affect the velocity calculation in two ways. If the geometry is changing, the relationship between stress and pressure, equation 3, will no longer be linear and, hence, equation 8 will not be valid. This effect was assessed by comparing values of Vmax calculated from pressure data alone (VSEP) with those obtained from the series elastic velocity calculated on the basis of stress (VSE) (column 2).
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These values differed by an average of only 3% for the patients with mitral regurgitation, compared to 2% for all 45 patients.
The second and major effect of changing geometry arises from the finite value of circumferential fiber velocity and, hence, the difference between VCE and VSE. For the regurgitant patients, Vmax calculated from VCE differed from that calculated from VsE by an average of 13%o, compared to 16% for the entire patient group (column 3). The overall difference between Vmax calculated from pressure data alone and that obtained from contractile element velocity was 129l6 for the patients with regurgitation, compared to 15% for the entire patient group (column 4).
Regurgitation appears to have little effect on the accuracy of the determination of Vmax from pressure data alone. This may be partly due to the fact that the largest values of VCE occur relatively early in systole. The inertia of the blood in the ventricle will delay significant regurgitation for a short period of time at the beginning of contraction. It should also be noted that the shape of the ventricle may change even though ventricular volume remains approximately constant. This accounts for the difference in Vmax obtained from pressure data and that obtained including the ventricular geometry, even for patients without mitral regurgitation. The magnitude of the volume change prior to aortic valve opening is not a good indicator of changes in ventricular geometry. For patients with regurgitation, the volume decreased by an average of 9% (column 5); however, large changes in volume did not necessarily indicate large discrepancies in the calculation of Vmax.
It is possible that the reduced outflow impedance caused by regurgitation may itself affect the contractility of the muscle. Animal experiments12 suggest that regurgitation produces changes in stroke volume, end-diastole, and ejection velocity, but has little effect on Vmax.
The results presented were based on the assumption that the series elasticity was the same in all patients studied. It is probable that series elasticity varies with age and disease, and this variation could account for the considerable scatter in the results obtained. There is no method available at present to evaluate series elasticity in the intact heart, and this problem requires further study.
Because of the present incomplete understanding of the contractility of the intact heart, there is no obvious single measure of contractility. The primary purpose of the present study has been to evaluate the various indices that have been proposed on the basis of their correlation with other clinical evidence. The indices were compared on the basis of statistical correlation and consistency with other clinical evidence (presence or absence of congestive failure). Of the indices evaluated, the velocity of the contractile element at zero stress (Vmax) appears to be the most sensitive indicator of myocardial performance. These results in adults confirm and amplify results recently obtained in children by Hugenholtz and colleagues.18
Previous studies have shown that V,,ax can be evaluated on the basis of pressure data alone; this study confirms this finding and also indicates that Vmax from pressure data alone is applicable to patients with mitral regurgitation as well as normal outflow impedance. The peak contractile element velocity during the cardiac cycle correlates reasonably well with Vmax, but is not as sensitive in separating patients with congestive failure. The ejection fraction and peak circumferential fiber velocity show some correlation with clinical diagnosis, but are considerably less sensitive. Neither the peak rate of pressure rise nor contractile element velocity at peak stress show any significant correlation with Vmax or clinical data.
